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Introduction
In January 1998 during the shuttle STS-89 mission, an eight section Russian solar array panel was retrieved after more than ten years exposure to the orbital space environment on Mir. The operational array had been located on the Mir core module, located directly above the Kvant-2 module. The retrieved array segment is shown in figure 1 As part of the U.S. investigations, two solar array handrail samples from panel 8 were evaluated for contamination at NASA Glenn Research Center and are reported here. One is a section of the rigid handrail, and the second is a section of woven fabric tape that was over-wrapped around a flexible handhold. Both the flexible handhold woven fabric and the rigid handrail were significantly darkened after 10 years of space exposure. The handrail samples have been evaluated using optical microscopy (OM), field emission scanning electron microscopy (FESEM) and energy dispersive spectroscopy (EDS). Solar absorptance and room temperature emittance values were also obtained.
The returned contaminated solar array segment is very similar in design to the solar arrays being supplied by the Russians for the International Space Station (ISS). Therefore, it was desirable to determine what the contaminants on various surfaces are, and what the sources of the contamination were. 
Materials and Experimental Procedures Materials
Rigid Handrail Sample. The rigid handrail can be seen at the top of panel 8 in figure 2 . The handrail is an aluminum rectangular hollow bar (~1.6×3.2 cm cross-section) coated with a white thermal control paint. The white paint is believed to be the Russian paint AK-573 whose components consist of silicone and acrylic binders with a ZnO white pigment (ref. 1). The nonuniform discoloration of the previously white handrail is visible in figure 2 . Two sections were provided for analyses. One section was a curved end of the handrail and was labeled "zeropoint." This curved handrail section had streaky, nonuniform brown discoloration on the space-facing side of the handrail, and two distinct very uniform discolored sections, dark tan and dark brown, on the array facing side of the handrail. The space-facing and array facing sides of the curved handrail section are shown in figure 3(a) and 3(b), respectively. The second sample was cut from the flat section of the handrail (a 2.54 cm wide section). This sample was discolored on all sides of the exterior surfaces. The smaller surfaces, positioned perpendicular to the array, are dark tan, while the larger surfaces, array-facing or space-facing, are dark brown. One of the larger surfaces (side A) was more uniform in color than the other side and appeared to have faced the solar array based on similarity in appearance to the curved section. The space-facing side of the flat rigid handrail sample is shown in figure 4 . Flexible Handhold Over-Wrap Tape. The flexible handhold over-wrap tape sample was from one of the four flexible handholds. These flexible handholds can be seen in figure 2. This woven polymeric fabric was wrapped in an overlapping manner such that half of the width of the material was shielded from space exposure, and appears white, while the exposed half is discolored light brown. A close-up of the over-wrap tape on one of the flexible handholds can be seen in figure 5 . The over-wrap tape sample which was provided for analyses is shown in figure 6 . 
Optical Properties
Solar integrated total reflectance (ρ t ), solar absorptance (α s ), and room temperature emittance (ε RT ) were obtained for the two sides of the flat rigid handrail sample. Reflectance and α s were obtained for the unexposed and exposed areas of the woven tape. Emittance of the woven tape could not be obtained due to the limited size of the exposed and unexposed areas. Spectral reflectance was obtained using a Perkin-Elmer λ-19 Spectrophotometer operated with a 150 mm integrating sphere. Total reflectance was obtained from 250 to 2500 nm, and the data were convoluted into the air mass zero solar spectrum to obtain solar integrated values. Solar absorptance was calculated by subtracting ρ t from 1 because the samples were opaque (the fabric was layered on top of itself so that it was opaque). Room temperature emittance was obtained using a Gier Dunkel DB-100 infrared reflectometer which provided an integrated reflectance value which was then subtracted from 1 to get ε RT .
Surface Characterization
Optical Microscopy. Optical micrographs of both the array-facing and space-facing sides of the rigid handrail sample, and the exposed and unexposed areas of the handhold tape sample were taken on an Olympus SZH Stereozoom microscope.
Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive Spectroscopy (EDS).
Images of the handhold over-wrap tape fabric and a darkened piece of paint that was chipped off of the rigid handrail sample were obtained using a Hitachi S-4700 Field Emission Scanning Electron Microscope operated at 10 to 15 kV. Because of the interest in conducting analytical analyses, samples were imaged without applying conductive films. Imaging was obtained in backscattered electron mode. Energy dispersive spectroscopy was conducted using an EDAX DX Prime system. The contaminated over-wrap fabric sample was coated with a conductive film after EDS analyses and imaged in secondary electron mode for atomic oxygen erosion studies.
Results

Optical Properties
The results of optical property characterization are provided in table I. The surface browning has increased the solar absorptance of both types of handrail samples significantly. The solar absorptance of unexposed AK-573 is 0. 294 (ref. 1) . The solar absorptance of the darkened handrail paint was 0.537 to 0.555, an increase of 0.243 to 0.261. The spectral reflectance of the solar array facing side of the handrail sample is shown in figure 7 . The flexible handrail over-wrap fabric had an increase in absorptance of 0.14 in the exposed area compared to the unexposed area. The total reflectance spectral data for the exposed and unexposed areas are shown together in figure 8.
Optical Microscopy
Rigid Handrail Sample (Flat Section). The uniformly dark brown side (array facing side) of the flat handrail sample had a rainbow hue and was clearly crazed, as can be seen in figure 9 . Although the space-facing side of the handrail was also brown, its surface did not have a rainbow hue and was not crazed, as can be seen in figure 10 . Surface "holes" were observed on the space-facing side (see fig. 10 ). These holes are believed to be the result of air pockets produced during the painting process. After close examination, these holes appear present on the array facing side, faintly visible underneath the thick contaminant layer. Flexible Handhold Over-Wrap Tape. Optical microscopy examination of the exposed, brown region of the handhold tape fabric revealed micro-crazing of a contamination layer, as shown in figure 11 . This crazed layer is not present on the protected, unexposed region that has an off-white color (see fig. 12 ). 
Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive Spectroscopy (EDS)
Rigid Handrail Sample (Paint Chip Sample). A flake of paint containing the brown contaminant stain was easily removed from the flat handrail sample for FESEM imaging. The sample was broke into two pieces, which exposed a clean white cross-section surface for analysis. The image and the corresponding EDS spectra for the cross-sectioned clean paint surface are shown in figures 13 and 14, respectively. The image shows a very rough porous surface. The spectra indicates that the paint consists primarily of Zn, O and C, with small amounts of Si, Ti and Al. These results appear to be consistent with the Russian white paint TP-CO-02, which contains Al and Ti in addition to Zn, O and Si which are found in AK-573 (ref. 3) . In backscattered imaging, dark areas were observed and were found to be composed primarily of Ti and Zn, with a little O. An image of the brown contaminated surface of the paint chip is shown in figure 15 . There appears to be a contaminant layer that is crazed and has spalled off the surface in areas. EDS point spectra were taken on a flaked-off contaminant piece (point A) and on an area where the contaminant layer appears to be missing (point B Flexible Handhold Tape Over-Wrap. Unexposed "clean" areas of the handhold tape fabric were imaged. Both sides of the fabric were examined. The topside was on the same side of the fabric as the brown stain. The clean areas show some charging of the fibers during imaging as can be seen in figure 18 (bright white areas and distortion lines). EDS spectra for both the top and undersides of the fabric in the unexposed areas show the presence of only C and a small amount of O, as shown in figure 19 . This spectra was obtained for the topside area shown in figure 18 .
The exposed brown stained area of the fabric was imaged and revealed a very thick layer of contaminant that has spalled off in some areas (possibly due to post-retrieval handling), as shown in figure 20. A near cross-section of the contaminant layer is seen in this image (to the right of point A), and at higher magnification the thickness was measured to be ~1.6 µm thick. EDS point spectra were obtained at two locations in figure 20, one at an area where the contaminant has spalled-off (point A), and the second on top of the thick contaminant layer (point B). The corre- variations (compared to silica) or the presence of impurities in the oxidized silicon contaminant layer (both possibilities), the increased conductivity could also be attributed to a conductive carbon layer on the surface. EDS is a deep penetrating technique (≈1 to 5 µm), and it may not be able to detect a very thin C surface layer. To verify if a conductive C layer and/or low level impurities are present, or to validate the stoichiometry of the oxidized silicon contaminant layer, surface sensitive analytical techniques such as ESCA are needed. Figure 23 shows an area where the contaminant layer has spalled off the fibers in various locations while in space, and atomic oxygen has eroded the organic fibers. Several sections of fibers have been completely eroded away. This shows that the contaminant layer, which is resistant to atomic oxygen erosion, has become so thick that it became a source of particulate contamination in space. 
Mesh Suture
Discussion
There is no silicon present in the unexposed over-wrap tape fabric, and very small amounts in the white paint. Therefore, the contaminant layer on both the handrail and the handholds is attributed to silicone contamination from other spacecraft materials that have been oxidized while in orbit by atomic oxygen.
As previously mentioned, the entire array was coated with contaminant films. The cover slides and the optical solar reflectors (OSR) on the backside of the arrays were covered with a nonuniform diffusely reflecting film (refs. 1 and 6). Figure 24 is a photograph of the backside of a solar cell (cell 16-6), and shows a structural mesh backing which was present over the OSR. The matte contaminant layer is clearly visible and appears to be thicker on the edges of the cell. The solar cells (front and back sides) were found to be contaminated by an organic silicone film which was converted to a silica coating by atomic oxygen exposure (refs. 1 and 6). Silicone compounds used to laminate the solar array panel are believed to be the source of contamination on the panels. For example, the source of the silicone contamination on the front and back of the cells visually appears to have evolved where reinforcement threads penetrated silicone potting strips between the cells (ref. 1) . This can be seen in figure 24 by examining the suture thread holding the mesh backing in place at the top of the cell. Line-of-site contaminant shadows point towards the suture.
Based on these solar cell findings, and the fact that the handrail section facing the array appeared to be more contaminated than the space facing side, the source of contamination on the handrail samples appears to be primarily from silicones in the arrays themselves.
The returned contaminated solar array segment is very similar in design to the solar arrays being supplied by the Russians for the International Space Station (ISS). If the silicones used in the Russian supplied ISS solar arrays have the same volatile properties as the retrieved arrays, then they may be a significant source of silicone contamination on ISS.
Summary and Conclusions
Analyses have been conducted on two contaminated samples (a section of a rigid handrail and flexible handhold over-wrap tape fabric) from the Mir solar array retrieved after more than 10 years in the space environment. Optical microscopy and FESEM imaging have shown brown stained areas to have thick layers of contamination that have crazed and spalled off the surfaces in regions. An area where the cross-section of the contaminant is visible in FESEM imaging shows the film to be ~1.6 µm thick. Energy dispersive spectroscopy has revealed that the brown contaminant on both samples is composed of oxidized silicon with very little carbon content. There is no silicon present on the unexposed fabric overwrap, and very small amounts in the white paint. Therefore, the contaminant layer on both handrail samples is attributed to silicone contamination from other spacecraft materials that have been oxidized by atomic oxygen while in orbit. A significant source of the silicone contamination appears to be from the solar array itself. FESEM images of the handhold fabric show areas where the contaminant layer has spalled off the organic fibers and atomic oxygen erosion has occurred. This implies that flakes of the thick contaminant coating have spalled off while in space and therefore have been a source of particulate contamination.
